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Since 2005, a large poliomyelitis outbreak associated with type 2 circulating vaccine-derived poliovirus (cVDPV2) has occurred
in northern Nigeria, where immunization coverage with trivalent oral poliovirus vaccine (tOPV) has been low. Phylogenetic
analysis of P1/capsid region sequences of isolates from each of the 403 cases reported in 2005 to 2011 resolved the outbreak into
23 independent type 2 vaccine-derived poliovirus (VDPV2) emergences, at least 7 of which established circulating lineage
groups. Virus from one emergence (lineage group 2005-8; 361 isolates) was estimated to have circulated for over 6 years. The
population of the major cVDPV2 lineage group expanded rapidly in early 2009, fell sharply after two tOPV rounds in mid-2009,
and gradually expanded again through 2011. The two major determinants of attenuation of the Sabin 2 oral poliovirus vaccine
strain (A481 in the 5=-untranslated region [5=-UTR] and VP1-Ile143) had been replaced in all VDPV2 isolates; most A481 5=-UTR
replacements occurred by recombination with other enteroviruses. cVDPV2 isolates representing different lineage groups had
biological properties indistinguishable from those of wild polioviruses, including efficient growth in neuron-derived HEK293
cells, the capacity to cause paralytic disease in both humans and PVR-Tg21 transgenic mice, loss of the temperature-sensitive
phenotype, and the capacity for sustained person-to-person transmission. We estimate from the poliomyelitis case count and the
paralytic case-to-infection ratio for type 2 wild poliovirus infections that �700,000 cVDPV2 infections have occurred during the
outbreak. The detection of multiple concurrent cVDPV2 outbreaks in northern Nigeria highlights the risks of cVDPV emergence
accompanying tOPV use at low rates of coverage in developing countries.

Amajor milestone for the World Health Organization (WHO)
Global Polio Eradication Initiative has been the apparent

eradication of indigenous wild poliovirus type 2 (WPV2), last de-
tected in West Africa in the mid-1990s (F. Adu and C. Akoua-
Koffi, unpublished data) and last detected worldwide in Uttar
Pradesh, India, in 1999 (1). Key factors contributing to this
achievement were the widespread use of supplemental immuni-
zation activities (SIAs) in the form of mass vaccination campaigns
with oral poliovirus vaccine (OPV) (2), the high immunogenicity
of the Sabin 2 OPV strain in trivalent OPV (tOPV) formulations
(3), and the marked tendency of the Sabin 2 strain to spread to
secondary contacts (4, 5), especially in settings with poor sanita-
tion and high population densities (6).

Another important milestone has been the decline in WPV
incidence in Nigeria, from 796 polio cases (719 WPV1 and 77
WPV3) reported in 2008 to 388 polio cases (75 WPV1 and 313
WPV3) reported in 2009 and 21 cases (8 WPV1 and 13 WPV3)
reported in 2010 (7, 8). However, the reported number of WPV
cases rose to 62 (47 WPV1 and 15 WPV3) in 2011 (for updates, see
the Global Polio Eradication Initiative website [http://www
.polioeradication.org/]), as immunization activities weakened in
the northern states where polio is endemic (9). Until 2010, north-
ern Nigeria had been an especially intense focus of WPV endemic-
ity and the main exporter of WPV to countries in Africa and Asia
(10–13). Key factors contributing to the decline in polio incidence

have been the rising rates of OPV coverage in the SIAs following
improved community engagement (8), the intensive use of mon-
ovalent OPV type 1 (mOPV1) starting in March 2006 and mOPV3
starting in July 2007 (14, 15), and continued sensitive acute flaccid
paralysis (AFP) case surveillance linked to virologic surveillance to
identify WPV reservoir communities (7, 8, 16). However, the em-
phasis on the use of mOPV1 and mOPV3 (and bivalent OPV
[types 1 and 3] introduced in January 2010) (8, 17, 18) in SIAs to
stop WPV transmission coupled with the persistently low rates of
routine immunization coverage with tOPV have allowed a popu-
lation immunity gap for poliovirus type 2 (PV2) to develop in
northern Nigeria, leading to the emergence and spread of neuro-
virulent type 2 vaccine-derived poliovirus (VDPV2) (14, 15, 19–
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22). By 2005, all three poliovirus serotypes were again cocirculat-
ing in Nigeria, a condition not observed elsewhere during the
preceding 6 years (1).

The principal biological mechanism underlying the emergence
of VDPVs is the intrinsic genetic instability of the OPV strains,
such that revertants with increased neurovirulence are selected for
during replication of OPV in the human intestine (23). One clin-
ical consequence of the genetic lability of OPV, the occurrence of
cases of vaccine-associated paralytic poliomyelitis (VAPP) among
OPV recipients and their close contacts (3), has been recognized
for nearly 5 decades (24). The current worldwide incidence of
VAPP is estimated to be 250 to 500 sporadically distributed cases
per year (3). The serotype distribution of VAPP cases among im-
munologically healthy individuals is uneven: Sabin 1 is rarely im-
plicated, Sabin 2 is most frequently associated with VAPP in un-
immunized contacts of OPV recipients, and Sabin 3 is most
frequently associated with VAPP in OPV recipients (25–27). Vac-
cine-related isolates from immunologically healthy VAPP pa-
tients typically show limited genetic divergence (�1% of nucleo-
tide positions) from the parental OPV strains (apart from mosaic
genomes arising from vaccine/vaccine recombination) (28, 29),
consistent with durations of infections of only 1 to 2 months (30).
Individuals with primary immunodeficiencies have an �3,000-
fold-higher risk of VAPP (31) and, in rare instances, the further
risk of prolonged infection (some lasting �10 years) with excre-
tion of highly divergent immunodeficiency-associated VDPVs
(iVDPVs) (3, 19, 21, 22, 32–36).

Quite distinct from iVDPVs are the circulating VDPVs
(cVDPVs), which can emerge and spread in settings of low type-
specific population immunity (32). cVDPV outbreaks have oc-
curred and have been controlled in Egypt (37), Hispaniola (Haiti
and the Dominican Republic) (38), the Philippines (39), Mada-
gascar (40, 41), Indonesia (42), Cambodia (20), Myanmar (20),
and China (43, 44). Within the past 3 years, cVDPV outbreaks
have emerged in the Democratic Republic of Congo (type 2, 2008
to 2012), Ethiopia (type 2, 2008 to 2009, and type 3, 2009 to 2010),
Somalia (type 2, 2008 to 2011), India (type 2, 2009 to 2010), Af-
ghanistan (type 2, 2010 to 2012), Mozambique (type 1, 2011),
Yemen (type 2, 2011), Chad (type 2, 2012), and Pakistan (type 2,
2012) (19, 21, 22, 45) (for updates, see the Global Polio Eradica-
tion Initiative website [http://www.polioeradication.org/]). Most
cVDPV outbreaks involve Sabin types 2 and 1, rarely type 3. In
addition to the well-defined cVDPV and iVDPV categories,
VDPV isolates may be assigned to a third category, ambiguous
VDPVs (aVDPVs), when there is no clear evidence of community
circulation or immunodeficiency (19, 22, 46).

VDPVs have been defined for the purposes of global poliovirus
surveillance as having �1% nucleotide sequence divergence (i.e.,
�10 nucleotide [nt] substitutions) from their parental Sabin
strains in the �900-nt region encoding the major capsid protein,
VP1 (16, 21, 32). This definition follows from the high rate of
nucleotide sequence evolution in poliovirus (�1% per year) (47)
and the normal period of poliovirus excretion of less than 3
months (30, 32). The demarcation for VDPV2s has recently been
lowered to �0.6% nucleotide sequence divergence (i.e., �6 nt
substitutions) in view of the findings presented in this report (22,
48) and similar findings in the Democratic Republic of Congo
(22, 48).

Nigeria has recorded the largest VDPV outbreak in terms of the
number of reported cases, with a total of 403 cases associated with

VDPV2 infection reported during 2005 to 2011 (14, 15, 19–22,
49). Here we describe the basic genetic properties of and genetic
relationships among Nigerian VDPV2 outbreak isolates obtained
from July 2005 to December 2011 and present evidence that the
outbreak was associated with 23 independent VDPV2 emer-
gences, 7 of which expanded into well-defined cVDPV2 lineage
groups and several others of which may have signaled more lim-
ited cVDPV2 transmission. We further describe the population
dynamics of the major cVDPV2 lineage group during the out-
break and the key biological properties of selected VDPV2 isolates.
Finally, we discuss the implications of multiple, concurrent
cVDPV outbreaks for current and future strategies to secure the
cessation of all poliovirus transmission.

MATERIALS AND METHODS
Virus isolation and identification. Viruses in stool specimens obtained
from patients with AFP (see Table S1 in the supplemental material) were
isolated in L20B (mouse L cells expressing the human CD155 poliovirus
receptor [PVR]) (50, 51) and RD (human rhabdomyosarcoma cells;
ATCC CCL-136) cell lines according to standard protocols (52). Isolates
were characterized by reverse transcriptase PCR (RT-PCR) assays using
enterovirus-specific and poliovirus group-, serotype-, and Sabin strain-
specific primer sets (52–55) and enzyme-linked immunosorbent assays
using highly specific cross-absorbed hyperimmune rabbit sera (52, 56).
Since August 2006, vaccine-related poliovirus isolates have been screened
for VDPVs by using a real-time RT-PCR assay (16, 48). VDPVs were
identified by VP1 sequencing (37, 57).

Nucleic acid sequencing. RNA extraction and RT-PCR amplification
and cycle sequencing were performed as previously described (37, 57).
Terminal sequences of 17 VDPV2 isolate genomes (all but one from lin-
eage group 2005-8) were determined by using 5= rapid amplification of the
cDNA ends (RACE) kits (Life Technologies) according to the manufac-
turer’s instructions. The first 19 nt at the 5= ends of the remaining ge-
nomes were derived from the primer, which matched the 17 identical
terminal sequences determined by RACE. Numbering of nucleotide po-
sitions followed that described previously for Sabin 2 (58, 59).

Phylogenetic analysis. Sequence relationships (all nucleotide substi-
tutions [KT]) in the P1/capsid region (nt 748 to 3384) among all VDPV2
isolates were summarized in phylogenetic trees constructed by Bayesian
Markov chain Monte Carlo (MCMC) analysis implemented in BEAST v.
1.7 (60). Two independent MCMC chains were run for each BEAST anal-
ysis (200 million generations each for lineage group 2005-8 and 50 million
generations each for the other lineage groups). High-performance com-
puting was achieved by integrating the BEAGLE library (61) into BEAST
runs. Sampling efficiency was examined by measuring the integrated au-
tocorrelation time and effective sample size, as implemented in TRACER
(MCMC Trace Analysis Tool, v1.5 [http://tree.bio.ed.ac.uk/software
/tracer/]). Substitution parameters were estimated from the data set.
Codon deletions at VP1-Thr24 were treated as single-nucleotide substitu-
tions. Hypothesis testing within nested models of evolution was per-
formed by using MODELTEST (62). Maximum clade credibility (MCC)
trees including all VDPV2 isolates and representatives of all VDPV2 emer-
gences were rooted to the P1/capsid region sequences of Sabin 2 and
scaled to time by assuming a strict molecular clock with a KT substitution
rate of 1.1 � 10�2 nt substitutions/site/year. Trees of individual lineage
groups were constructed similarly, except that the root for lineage group
2005-8 was a simulated P1/capsid region sequence of a nonmutated S3/S2
recombinant homologue of the observed VDPV recombinants. Phyloge-
netic trees were displayed and edited by using FigTree (http://tree.bio.ed
.ac.uk/software/figtree/).

A P1/capsid subtree including representative isolates from all lineages
was inferred after two independent MCMC chains were run for 1 million
generations each in Mr. Bayes (63), as implemented in the plug-in version
for the Geneious v5.6 software package.
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Phylogenetic resolution of separate emergences. P1/capsid region
sequences of isolates across and within emergences were compared in
difference tables constructed by using MEGA5 software (64), with pair-
wise P1/capsid region nucleotide differences shown below the diagonal
and the proportion of shared P1/capsid region nucleotide differences
from Sabin 2 (excluding the codon for amino acid VP1143) shown above
the diagonal.

Estimation of dates of the initiating OPV doses. Dates of the tOPV
doses that initiated each of the 23 observed emergences were estimated
from KT values for P1/capsid region sequences by using the Bayesian
inference method reported previously by Shapiro et al. (65), implemented
in BEAST under the assumption of a uniform KT substitution rate of 1.1 �
10�2 nt substitutions/site/year. Mean estimated values and 95% highest
posterior density (HPD) intervals for tOPV dose dates and inferred mean
estimated times were calculated according to BEAST procedures, as de-
scribed above.

Estimation of the number of lineages transiting the low-transmis-
sion season for poliovirus. The number of lineages that continued
through the seasonal lows for poliovirus transmission in northern Nigeria
from December to January was estimated from the topology of the Bayes-
ian MCC trees of the 7 lineage groups and the estimated duration of
replication of virus of the 16 other separate emergences. KT substitution
rates for lineage groups 2005-6, 2005-8, 2005-10, and 2007-4 were esti-
mated from the data sets; otherwise, the rate was assumed to be 1.1 � 10�2

nt substitutions/site/year. A bifurcation of a branch in December was
counted as two lineages, and one in January was counted as one lineage.
Lineages whose last isolate was detected in January were not counted as
transiting the low-transmission season. Long branches that spanned mul-
tiple years were counted across each seasonal low.

VDPV population dynamics during the outbreak. The demographic
history of all Nigerian VDPV2s was estimated under the Bayesian skyline
plot model (66), as implemented in BEAST. The distribution of mean and
95% HPD effective population size values (Ne) for 2005 to 2011 was ana-
lyzed in TRACER.

Phenotypic characterization of VDPV isolates. Phenotypic proper-
ties of representative isolates of each VDPV2 emergence were compared
with those of Sabin 2 and MEF-1 (a neurovirulent WPV2 isolate whose
robust growth favored its selection as the type 2 component of the inacti-
vated poliovirus vaccine [IPV]) (67).

(i) Virus replication in HEK293 cells. Monolayers of HEK293 cells
(human neuron-derived cells; ATCC CRL-1573) (68) were infected with
virus at a multiplicity of infection (MOI) of 10 PFU/cell and incubated for
24 h at 37.0°C and 39.5°C, as described previously by Campbell et al. (69).
Virus was liberated by two freeze-thaw cycles, and infectivity titers were
measured by plaque assays on HeLa cell monolayers incubated at 37.0°C,
as described previously (70).

(ii) Neurovirulence testing in PVR-Tg21 mice. Neurovirulence tests
on VDPV2 isolates were carried out by using PVR-Tg21 (71) mice as
previously described (39). The mice were purchased from the Central
Laboratories for Experimental Animals (Kanagawa, Japan). The type 2
reference strains were Sabin 2 and MEF-1. Eight mice (equal numbers of
males and females) were inoculated (30 �l/mouse) intracerebrally for
each virus dilution (in 10-fold increments; range, 1.5 to 6.5 log 50% tissue
culture infective doses [TCID50]/mouse and up to 7.0 log TCID50/mouse
for Sabin 2). Mice were examined daily for 14 days postinoculation, and
the times of paralysis or death were recorded. The virus titer that induced
paralysis or death in 50% of inoculated mice (PD50) was calculated ac-
cording to the method of Kärber (72).

(iii) Virus infectivity yields at supraoptimal temperatures. Virus was
grown to high titers in RD cell monolayers at 37.0°C, and infectivity yields
were measured by plaque assays (70) on L20B cells incubated at 37.0°C
and 39.5°C (73).

Nucleotide sequence accession numbers. P1/capsid region sequences
of all Nigerian VDPV2 isolates described here, including complete
genomic sequences of the first isolates of each emergence, were deposited

in the GenBank database under accession numbers JX274980 to JX275382
(see Table S1 in the supplemental material).

RESULTS
Identification of VDPV2 isolates. The standard method for
VDPV screening by the Global Polio Laboratory Network (GPLN)
(52) has been to identify vaccine-related isolates by their genetic
properties by using RT-PCR (55) (or other molecular methods)
followed by antigenic characterization (74). Antigenic variants of
the vaccine strains were flagged as candidate VDPVs (32) to be
further characterized by sequencing of the VP1 capsid region (19).
However, the early (2005-2006) VDPV2 isolates from Nigeria did
not appear to be antigenic variants, such that the routine screening
algorithm did not initially signal any VDPV emergence. An out-
break was first suspected in 2006 by the frequent isolation from
AFP patients of vaccine-related PV2 (15), the serotype most fre-
quently associated with cVDPV outbreaks (19, 21, 22, 32, 45), with
temporal and geographic clustering in the northern states (Fig. 1).
The higher isolation rate for PV2 appeared to be anomalous be-
cause WPV2 was believed to have been eradicated, many patients
had no known exposure to tOPV, routine immunization coverage
with tOPV was low, and only two of the six SIAs in 2006 used
tOPV, as the remainder used mOPV1 (14, 15). Sequencing of the
VP1 region identified most of the recent PV2 isolates from the
north as VDPV2s (15). In recognition of the limitations of screen-
ing for VDPVs by antigenic methods, a new real-time RT-PCR
assay was developed for VDPV screening (16, 19, 48) and applied
retrospectively and prospectively to Nigerian PV2 isolates.

Range of VP1 sequence divergence among Sabin 2-related
case isolates. During 2005 to 2011, 1,201 PV2s were isolated from
individual AFP patients in Nigeria; all were related to Sabin 2. Of
these, 695 (612 from the north and 83 from the south) were se-
quenced in the VP1 region. Most had been sequenced as candidate
VDPV2s after screening by real-time RT-PCR, but isolates with
�6 nt substitutions in VP1 had been sequenced independently of
the screening assay results. The sequenced isolates diverged from
Sabin 2 at 0 to 59 VP1 nucleotide positions (0% to 6.5%) (Fig. 2).
Sabin 2-related isolates with �6 nt substitutions in the VP1 region
are unusual and, on the basis of the findings reported here, have
been redefined as VDPV2s (22, 48). Nearly all (401/403; 99.5%) of
the VDPV2s detected were from cases in 15 northern states (Fig. 1
and 2A) (7, 15) known to have widening gaps of immunity to PV2
because of low routine immunization coverage with tOPV and a
reduced frequency of SIAs with tOPV after 2005 (14, 15). Only
two VDPV2 case isolates, of limited divergence (6 VP1 nucleotide
substitutions), were found in the southern states (Fig. 1 and 2B).
Among isolates with 0 to 5 VP1 nucleotide substitutions, in both
the north and the south, the distribution of isolates showed a steep
decline with increasing divergence from Sabin 2. However, in the
north, the number of isolates with �6 nt substitutions increased
(Fig. 2A). None of the Sabin 2-related isolates with �5 VP1 nu-
cleotide substitutions appeared to be ancestral to any subsequent
isolates. All isolates with a substitution in the VP1 region had a
missense substitution within the codon for VP1143, a result of
strong selection against the Sabin 2 allele (see below). Isolates with
no VP1 substitutions are underrepresented in Fig. 2 because they
were not flagged for sequencing by the real-time RT-PCR screen-
ing assay, which targets substitutions in VP1.

The 403 VDPV2s isolated from AFP patients (1 isolate per
patient; includes 1 isolate from a healthy contact of an AFP pa-
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tient) with onset during 2005 to 2011 (2005, 4; 2006, 39; 2007, 76;
2008, 66; 2009, 156; 2010, 27; 2011, 35) include 11 from patients
who were coinfected with WPV1 or WPV3. Patients with such
isolates were previously excluded from our VDPV2 case counts
(15) because the lower paralytic attack rates of PV2 infections than
of WPV1 and WPV3 infections (45) suggested that the etiologic
agents of the observed AFP cases were most likely the coinfecting
WPVs. Also excluded from our analyses were cVDPV2s exported
from Nigeria into Niger (n � 6) and Chad (n � 1).

Independent emergence of multiple cVDPV2 lineages. Al-
though comparisons of VP1 region sequences (903 nt) provided a
good overview of the outbreak, many of the VDPV2s were isolated
soon after emergence, affording little time for divergence. There-
fore, we sought to increase phylogenetic resolution among the
closely related VDPV2 isolates by extending our sequence com-
parisons to the complete P1/capsid regions (2,637 nt) of all 2005-
2011 Nigerian VDPV2 isolates (Fig. 3; see also Fig. S1 to S4 in the
supplemental material). However, the relationships among time-
ordered P1/capsid region sequences of all isolates were inconsis-
tent with the poliovirus molecular clock (47), as some isolates
from more recent cases had far fewer nucleotide substitutions
than isolates from earlier cases. When the outbreak was resolved

into 23 separate emergences, numbered by year and within years,
ordered by the estimated dates of the initiating OPV doses (see
below), compatibility with a molecular clock was restored (Fig. 4
and Table 1).

Of the 23 emergences, 7 expanded into observed cVDPV2 lin-
eage groups containing 2 to 361 isolates. The two VDPV2 isolates
from the southern states of Anambra and Lagos with only mod-
erate levels of divergence from Sabin 2 were unlike most cVDPVs
(19, 32, 75) by having either nonrecombinant genomes (ANS07-
01) or vaccine/vaccine (Sabin 2/Sabin 3) (LAS05-01) recombinant
genomes (data not shown). Because the corresponding cases oc-
curred in states with relatively high rates of routine tOPV coverage
and signaled independent emergences with no known secondary
spread, they were not considered to be part of the outbreak (15).

Assignment of isolates to independent VDPV2 emergences
and lineage groups was based primarily on pairwise P1/capsid
region sequence differences across emergences (Table 2) and
within lineage groups (see Tables S2 to S8 in the supplemental
material). Substitutions within the codon for VP1143 were ex-
cluded from the pairwise comparisons because all VDPV2 isolates
had a substitution within that codon. Other P1/capsid region sub-
stitutions were primarily synonymous changes, nearly randomly

FIG 1 Map of Nigeria showing state boundaries, population density by LandScan (http://www.ornl.gov/landscan/), and location (circles color-coded by
estimated year of emergence) of first acute flaccid paralysis (AFP) cases found to be associated with each independent type 2 vaccine-derived poliovirus (VDPV2)
emergence. The numbers 1 to 23 correspond to emergences listed in Table 1 according to the order of the estimated date of the initiating tOPV dose. The bold
red line indicates the boundary between the northern and southern states. Abbreviations for Nigerian states (S) with VDPV2 cases (14, 15) are as follows: ADS,
Adamawa; ANS, Anambra; BAS, Bauchi; BNS, Benue; BOS, Borno; JIS, Jigawa; KBS, Kebbi; KDS, Kaduna; KNS, Kano; KTS, Katsina; KGS, Kogi; LAS, Lagos;
NAS, Nasarawa; NIS, Niger; PLS, Plateau; SOS, Sokoto; YBS, Yobe; ZAS, Zamfara.
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distributed, with a different pattern of substitution for each emer-
gence. Among the P1/capsid region nucleotide differences from
Sabin 2 outside the codon for VP1143, the proportion shared by the
first isolates of each independent emergence averaged 2.4%
(range, 0% to 13%), whereas the proportion shared by isolates
within each lineage group averaged �42% (range, 11% to 95%;
only a subset of isolates from lineage group 2005-8 were com-
pared) (Table 2). The common node for sequences of the two
isolates of lineage group 2005-5 was so deep as to suggest that they
had emerged independently. However, the two isolates shared
common recombination junctions near nt 485 and 4959 and close
nucleotide identities (99.2% and 98.4%) in the flanking nonvac-
cine sequences (see below), thus confirming their emergence from
a common tOPV dose. The structure of the recombinant genomes
further supported the assignment of isolates to specific emer-
gences and lineage groups (data not shown).

When individual lineage groups were analyzed by Bayesian
MCMC inference (see Fig. S1 to S4 in the supplemental material),
the mean of the estimated substitution rates at all sites (KT) for the
major lineage group, 2005-8, was 1.12 (1.05 to 1.20) � 10�2 nt
substitutions/site/year, with an average rate of 1.14 � 10�2 nt
substitutions/site/year for the four largest lineage groups (Ta-
ble 3). The values obtained for this robust data set were very close
to VP1 KT substitution rates described previously (36, 47, 57, 76,
77). Also, as previously described for WPV1 (47), synonymous
transitions (A=S) were �10-fold more frequent than synonymous
transversions (B=S) (Table 3 and Fig. 5).

Estimated dates of VDPV2 emergences. The dates of the

tOPV doses that initiated each of the 23 observed emergences were
estimated from the total number of nucleotide substitutions in the
P1/capsid region by assuming a constant P1/capsid KT substitu-
tion rate of 1.1 � 10�2 nt substitutions/site/year throughout the
period of divergence (Table 1 and Fig. 4). The estimated time
interval between the initiating tOPV doses (the corresponding
vaccine recipients are unknown) and the first VDPV2 isolate av-
eraged �9 months (range, 3 to 21 months) (Table 1 and Fig. 4),
with confidence intervals (95% HPD intervals) of 7 to 15 months
for the seven lineage groups. Uncertainties in the estimates were
greatest for the least divergent isolates, such as BOS06-02 and
ANS07-01, for which the random nature of nucleotide substitu-
tion is evident by the strong localization of substitutions to the
VP1 region (Table 1), leading to nearly 3-fold-higher substitution
rate estimates for the VP1 region than for the P1/capsid region.
Although early selection against the Sabin 2 allele at VP1143 (and
the possible effects of any hitchhiker substitutions) may violate
our assumption of a constant rate of substitution into the P1/
capsid region (77, 78), the primary source of uncertainty appears
to derive from the stochastic nature of the clock.

The P1/capsid region sequence tree resolving the lineage
groups generally had deep nodes (Fig. 3 and Table 4; see also Fig.
S1 to S4 in the supplemental material), consistent with cVDPV2
transmission soon after administration of the initiating tOPV
doses. Estimates of the mean time between the initiating tOPV
dose and the dates of the first divergence within each lineage group
ranged between 2.0 and 6.5 months (Fig. 4 and Table 4).

The first VDPV2 isolate, BAS05-01, was isolated from a patient

FIG 2 Distribution of nucleotide substitutions in the VP1 regions of Sabin 2-related polioviruses isolated from patients with AFP from 2005 to 2011 in the
northern (n � 612) (A) and southern (n � 83) (B) states of Nigeria. Each isolate is from an individual patient. The northern and southern states are identified
in Fig. 1. Type 2 vaccine-derived polioviruses (VDPV2s) (black bars) are more divergent, having �6 nt substitutions in the VP1 region (48).
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whose onset of AFP was �10 months after the estimated time
(September 2004) of the initiating tOPV dose (Table 1). Indepen-
dent emergences continued for nearly 4 years, into late 2008 (Fig.
1 to 4 and Table 1). Two additional VDPV2 isolates from cases in
February and November 2011 signaled more recent emergences.
The initiating tOPV dose for the major cVDPV2 lineage group,

2005-8, was estimated to have been given in October 2005, more
than a year after the estimated date of the initiating dose for the
first observed cVDPV2 lineage group, 2004-1. The last observed
cVDPV2 lineage group, 2007-5, was estimated to have emerged
from a tOPV dose given in late 2007. Thus, despite widespread
circulation of cVDPV2, local gaps in immunity to PV2 persisted

FIG 3 Maximum clade credibility subtree of P1/capsid region sequences (2,637 nt) of 62 2005-2011 isolates representing the seven well-defined cVDPV2 lineage
groups (in boldface type) and 16 other isolates that signaled additional independent VDPV2 emergences (lightface type). Lineage groups and emergences are
numbered by year and ordered within years by the estimated dates of the initiating OPV doses. �, VDPV2/WPV1 coinfections. Color-coding of isolate identifiers
corresponds to that used in Fig. 1.

Burns et al.

4912 jvi.asm.org Journal of Virology

http://jvi.asm.org


and permitted several new VDPV2 emergences to appear
throughout the outbreak.

The most closely related isolates tended to cluster geographi-
cally (see Fig. S1 to S4 in the supplemental material). However,
virus of the major lineage group, 2005-8, was disseminated widely
across the northern states during its �6 years of transmission.

VDPV2 lineages transiting the low-transmission season for
poliovirus. The occurrence of VDPV2 infections (represented in
Fig. 4 by dates of collection of VDPV2-positive specimens)
showed a distinct seasonality (45), with a peak during March to
June and a low during December to January (Fig. 4 and 6). Sea-
sonal curves based on the appearance of polio cases would be
shifted to the left because specimens were collected 10 � 6 days
after onset of AFP. Seasonal curves based on the estimated times of
exposure would be shifted further to the left (by a total of �25
days) because paralysis usually occurs within 15 days of exposure
to neurovirulent poliovirus (79). Seasonal variation is low in hu-
mid tropical climates and higher in dryer, more temperate zones
(45) and may vary in its details from year to year. Superimposed
on these natural cycles is the impact of immunization (including
choice of vaccines, vaccine coverage rates, and population immu-
nity profiles) on the virus population.

The natural seasonality of polio reflects the fluctuation in the
number of chains of poliovirus transmission during the year (80).
To estimate the number of lineages (representing observed chains
of transmission) that survived the seasonal bottlenecks in Decem-

ber to January, we counted the number of branches that transited
across year boundaries (Fig. 4; see also Fig. S1 to S4 in the supple-
mental material), excluding branches that appeared to have ter-
minated in January. The number of observed lineages estimated to
have survived the seasonal bottlenecks rose sharply in 2006 to
2007 (�63 lineages), declined slightly in 2007 to 2008 (�48),
peaked in 2008 to 2009 (�144), declined sharply in 2009 to 2010
(�22), and stabilized in 2010 to 2011 (�25) (Fig. 7). Lineage
group 2005-8 was predominant by 2006 to 2007, peaked at �135
lineages transiting the 2008-2009 seasonal low, and declined in
2009 to 2010 (�21) and 2010 to 2011 (�23) (Fig. 7).

VDPV2 population dynamics during the outbreak. The dy-
namics of virus populations throughout the year can be modeled
by coalescent methods in which multiple lineages of a population
are traced back in time through successive joining (coalescent)
events to the most recent common ancestor (81). Virus popula-
tion size and rates of growth and decline can be inferred from the
topologies of phylogenetic trees (representing genealogies) con-
structed from temporally ordered sequences (66, 81). In rapidly
evolving viruses, variation in the number of lineages can be used to
estimate changes over time in the effective virus population size
(Ne), a parameter used to model the fixation of “neutral” muta-
tions in actual populations. Virus population dynamics can be
visualized through Bayesian skyline plots (66) of the time depen-
dence of Ne (approximately proportional to nucleotide diversity).
We used the program BEAST (60) to analyze the population dy-

FIG 4 Timeline of independent VDPV2 emergences and spread in Nigeria from 2004 to 2011 based on the dates of VDPV2 specimen collection (specimens were
collected 10 � 6 days after onset of AFP). cVDPV2 lineage groups are indicated in boldface type. Dates of the initiating tOPV doses for the 14 emergences
associated with single isolates are point estimates with indeterminate confidence intervals. Arrows indicate months of tOPV supplemental immunization
activities (SIAs) (mass vaccination campaigns) in the northern states. The blue point symbolizes two superimposed points. The blue wedge in the lower left corner
symbolizes the duration of type 2 vaccine-related poliovirus excretion in immunologically healthy primary-dose OPV recipients (30).
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namics of all Nigerian VDPV2s from 2005 through mid-2011,
comparing the Bayesian skyline plot with the total monthly case
counts (Fig. 4 and 8). Ne increased �20-fold from mid-2005 to
late 2006 (as new emergences were appearing), after which it fluc-
tuated over a narrow range up to late 2008. In 2009, Ne increased
by �10-fold for January to March, stabilized, and then declined
�10-fold after two rounds of mass tOPV campaigns on 30 May
and 1 August (Fig. 8). The sharp fluctuations in virus population
dynamics are reflected in the monthly case counts in 2009 (Fig. 4).
Ne stabilized near 2007-2008 levels from late 2009 to the end of
2010 and gradually increased in 2011 (Fig. 8), as two new emer-
gences appeared and as virus of lineage group 2005-8 continued to
circulate in eight northern states via at least 23 separate chains of
transmission (see Fig. S2 in the supplemental material). As ex-
pected from the combined epidemic curves (Fig. 4), the skyline
plot for lineage group 2005-8 (not shown) was nearly congruent
with that for all Nigerian VDPV2s.

Relative substitution rates in VP1 and complete P1/capsid
regions. All WPV and candidate VDPV isolates are routinely
characterized by VP1 sequencing by the GPLN (16, 19, 21). To

assess the sensitivity of VP1 sequencing as a screening tool for
divergent Sabin strain derivatives, we plotted the number of nu-
cleotide substitutions in the VP1 region as a function of the num-
ber of nucleotide substitutions in the P1/capsid region for all
2005-2011 Nigerian VDPV2 isolates (Fig. 9). A strong linear cor-
relation (slope � 0.93; R2 � 0.90) between the relative frequencies
of VP1 and P1/capsid region nucleotide substitutions was ob-
served. Although some early VDPV isolates had a higher density of
nucleotide substitutions in the VP1 region than elsewhere in the
P1/capsid region (Table 1), possibly reflecting early fixation of
selected substitutions (see below), the differences tended to di-
minish over time (Fig. 9). Therefore, we conclude that VP1 se-
quencing has sufficient sensitivity to identify VDPVs, even at lev-
els of divergence as low as 0.7% (i.e., 6 nt substitutions in VP1).

Estimated number of VDPV2 infections. The proportion of
WPV infections that result in paralytic cases is lowest for PV2
(�1:1,800) among the three poliovirus serotypes (45). Under the
assumption that the case-to-infection ratio for VDPV2s is similar
to that for WPV2, we estimate from the number of reported cases
that �700,000 cVDPV2 infections have occurred in Nigeria since

TABLE 1 Independent VDPV2 emergences, Nigeria, 2004 to 2011g

Estimated
order of
emergencea Emergenceb

Earliest
isolatec

Earliest isolate
specimen date
(day, mo, yr)

No. of nt
substitutions
of earliest
isolate

Estimated date of initiating tOPV
dose (day, mo, yr) (95% HPD)d

Latest isolate
specimen date
(day, mo, yr)e

Total no.
of isolates

Estimated duration
of replication (mo)
(95% HPD)fVP1 P1

1 2004-1 BAS05-01 05 July 05 10 21 22 Sep 04 (03 Apr 04–20 Apr 05) 08 June 06 3 21 (14–26)
2 2005-1 SOS05-01 05 Oct 05 7 19 [07 Feb 05] — 1 [8]
3 2005-2 LAS05-01 22 July 05 6 12 [21 Feb 05] — 1 [5]
4 2005-3 KDS05-01 03 Nov 05 7 16 [16 Apr 05] — 1 [7]
5 2005-4 KBS06-01 14 Jan 06 8 16 [06 July 05] — 1 [7]
6 2005-5 JIS06-06 17 July 06 15 28 13 Aug 05 (10 Apr–06 Dec 05) 17 Oct 06 2 14 (10–20)
7 2005-6 BOS06-03 05 July 06 9 19 14 Sep 05 (15 Apr 05–01 Feb 06) 07 Feb 08 6 29 (24–34)
8 2005-7 BOS06-01 31 May 06 9 18 [16 Oct 05] — 1 [7]
9 2005-8 JIS06-01 19 May 06 6 16h 26 Oct 05 (22 July 05–12 Jan 06) 17 Dec 11 361 74 (70–77)
10 2005-9 JIS06-04 15 June 06 9 18 [31 Oct 05] — 1 [7]
11 2005-10 SOS07-01 26 Feb 07 13 27 03 Dec 05 (11 May 05–16 July 06) 05 Mar 09 6 40 (33–47)
12 2005-11 BAS06-01 07 Nov 06 11 25 [27 Dec 05] — 1 [10]
13 2006-1 BOS06-02 15 June 06 6 7 [19 Mar 06] — 1 [3]
14 2006-2 SOS08-09 02 Sep 08 20 50 [11 Dec 06] — 1 [21]
15 2007-1 NIS07-01 30 July 07 9 13 [16 Feb 07] — 1 [5]
16 2007-2 BAS08-06 07 Aug 08 10 40 [22 Mar 07] — 1 [17]
17 2007-3 ANS07-01 27 Oct 07 6 8 [18 July 07] — 1 [3]
18 2007-4 KBS08-03 01 Dec 08 12 30 05 Sep 07 (04 Apr 07–01 Feb 08) 25 May 10 7 33 (28–38)
19 2007-5 BOS09-06 20 Apr 09 17 44 21 Oct 07 (14 Mar 07–07 June 08) 02 June 09 2 19 (12–27)
20 2007-6 KTS09-05 27 Feb 09 16 37 [18 Nov 07] — 1 [15]
21 2008-1 KDS09-08 05 June 09 6 15 [28 Nov 08] — 1 [6]
22 2010-1 KBS11-01 22 Feb 11 6 13 [10 Sep 10] — 1 [5]
23 2010-2 NIS11-01 22 Nov 11 11 18 [05 Apr 11] — 1 [7]
a Numbered in estimated order of emergence (Fig. 1).
b Emergences that expanded into well-defined cVDPV2 lineage groups (shown in boldface type) were previously described and numbered according to the date of detection of the
earliest isolate (2004-1, 1; 2005-8, 2; 2005-6, 3; 2005-5, 4; 2005-10, 5; 2007-4, 6; 2007-5, 7) (15). All other emergences were previously described as “undefined.”
c Abbreviations for state names are given in the legend to Fig. 1.
d P1/capsid KT evolution rate was assumed to be constant at 1.1%/year (29 nt substitutions/year). HPD, highest posterior density.
e Eight additional cases (three from Kano, three from Sokoto, and two from Kebbi) associated with cVDPV2, all from lineage group 2005-8, were reported in 2012. The most recent
case had an onset date of 24 November 2012, and the isolate had 65 nt substitutions in VP1. One new VDPV2 emergence was associated with a 2012 case in the southern state of
Edo (onset on 22 May 2012; the isolate had 6 nt substitutions in VP1). (Data as of 31 December 2012; for updates, see the Global Polio Eradication Initiative website [http://www
.polioeradication.org/].) —, single isolate.
f Calculated from the estimated date of the initiating tOPV dose to the date of the most recently isolated specimen (through 2011).
g Values in brackets are point estimates with indeterminate confidence intervals.
h Compared against a simulated unmutated Sabin 3/Sabin 2 recombinant with the recombination junction at the same location as in the natural isolates.
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2005. The actual number of infections is likely to be higher, as the
relatively high frequency of isolates with no close relatives (repre-
senting “orphan” lineages, signaled by long branches on the trees)
is an indication that cases had been missed in some areas.

Genetic properties of the VDPV2 isolates. Two determinants
are the main contributors to the attenuated phenotype of Sabin 2
in transgenic mice (82) and primates (58): A481 in the 5=-untrans-
lated region (5=-UTR) and Ile143 in VP1. Both determinants were
lost in all VDPV2 isolates (Table 5). For the 5=-UTR determinant,
evidence of direct A481¡G reversion was found for only a small
proportion of isolates (20 of 403; 5.0%), representing 16 of the 23
emergences, usually those not associated with lineage groups. In
the remainder, A481 had been exchanged out by recombination
with other enteroviruses. Early lineage group 2005-8 isolates were
Sabin 3/Sabin 2 5=-UTR recombinants with sequences containing
the U472¡C reversion of the major Sabin 3 attenuation determi-
nant (83). A total of 12 distinct 5=-UTR recombinant classes were

detected, some generated by serial recombination events (our un-
published results).

The second critical determinant of the attenuated phenotype,
VP1-Ile143, had reverted in all VDPV2 isolates. The majority of
isolates (399 of 403 [99.0%]; 20 of 23 independent emergences)
had the VP1-Ile143¡Thr replacement to the WPV2 consensus
(37), which remained fixed in the population, except for one lin-
eage group 2005-8 isolate, KNS09-022, which had a superimposed
(VP1-Thr143¡Ala) replacement. Three other isolates, each repre-
senting independent emergences, had the alternative replace-
ments VP1-Ile143¡Asn (isolate KDS05-01) and VP1-Ile143¡Val
(isolates ANS07-01 and KBS11-01) (Table 5).

Apart from the codon for VP1143, nucleotide substitutions ac-
cumulated approximately uniformly across the P1/capsid region
(Fig. 9), with evidence of purifying selection at most amino acid
positions (Table 3). The detailed pattern of nucleotide substitu-
tion (Fig. 5), predominantly (�80%) synonymous transitions

TABLE 2 Nucleotide differences in the P1/capsid region across independent VDPV2 emergencesa

Estimated
order of
emergence Emergence

Earliest
isolate

Value for emergence

S 1 2 3 4 5 6 7 8 9b 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Sabin 2
1 2004-1 BAS05-01 20 0.00 0.06 0.00 0.00 0.04 0.08 0.05 0.09 0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.04 0.04 0.13 0.04 0.00 0.00 0.05
2 2005-1 SOS05-01 18 38 0.00 0.00 0.06 0.00 0.06 0.00 0.00 0.06 0.05 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.00 0.00
3 2005-2 LAS05-01 12 30 30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.08 0.04 0.11 0.05 0.04 0.00 0.00 0.00 0.00
4 2005-3 KDS05-01 15 35 33 27 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.05 0.00 0.00 0.00 0.00 0.00 0.05 0.04 0.00 0.00 0.00 0.00
5 2005-4 KBS06-01 15 35 31 27 30 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.07 0.00 0.00 0.05 0.00 0.00 0.07 0.00 0.00
6 2005-5 JIS06-06 27 45 45 39 42 42 0.00 0.05 0.02 0.00 0.08 0.00 0.06 0.03 0.05 0.00 0.00 0.00 0.06 0.10 0.05 0.10 0.02
7 2005-6 BOS06-03 18 35 34 30 33 33 45 0.00 0.00 0.06 0.00 0.00 0.00 0.06 0.03 0.00 0.00 0.04 0.05 0.04 0.00 0.00 0.00
8 2005-7 BOS06-01 17 35 35 29 32 32 42 35 0.00 0.00 0.05 0.00 0.09 0.03 0.00 0.05 0.00 0.04 0.00 0.00 0.00 0.00 0.00
9 2005-8b JIS06-01 14 31 32 26 29 29 40 32 31 0.00 0.10 0.00 0.00 0.03 0.00 0.00 0.10 0.05 0.04 0.00 0.00 0.00 0.06
10 2005-9 JIS06-04 17 37 33 29 32 32 44 33 34 31 0.07 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
11 2005-10 SOS07-01 26 46 42 38 40 39 49 44 41 36 40 0.00 0.00 0.11 0.00 0.00 0.00 0.04 0.00 0.03 0.00 0.00 0.00
12 2005-11 BAS06-01 24 44 42 35 37 39 51 42 41 38 41 50 0.00 0.03 0.00 0.06 0.06 0.00 0.05 0.08 0.00 0.00 0.00
13 2006-1 BOS06-02 6 26 24 18 21 21 31 24 21 20 23 32 30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14 2006-2 SOS08-09 49 68 65 61 64 64 74 63 64 61 66 67 71 55 0.03 0.07 0.04 0.08 0.12 0.08 0.00 0.00 0.06
15 2007-1 NIS07-01 12 32 30 22 27 25 37 29 29 26 27 38 36 18 59 0.04 0.00 0.10 0.04 0.08 0.08 0.00 0.00
16 2007-2 BAS08-06 39 57 57 49 54 54 66 57 53 53 56 65 59 45 82 49 0.07 0.10 0.05 0.05 0.00 0.02 0.11
17 2007-3 ANS07-01 7 26 25 17 22 22 34 25 24 19 24 33 29 13 54 19 43 0.00 0.02 0.00 0.00 0.00 0.00
18 2007-4 KBS08-03 29 47 47 39 42 42 56 45 44 41 46 53 53 35 72 37 61 36 0.06 0.06 0.00 0.00 0.04
19 2007-5 BOS09-06 42 54 58 52 55 57 65 57 59 54 59 68 63 48 80 52 77 48 67 0.05 0.04 0.07 0.03
20 2007-6 KTS09-05 36 54 53 48 51 51 57 52 53 50 53 60 55 42 78 44 71 43 61 74 0.00 0.00 0.04
21 2008-1 KDS09-08 14 34 32 26 29 27 39 32 31 28 31 40 38 20 63 24 53 21 43 54 50 0.00 0.00
22 2010-1 KBS11-01 12 32 30 24 27 27 35 30 29 26 29 38 36 18 61 24 50 19 41 50 48 26 0.00
23 2010-2 NIS11-01 17 35 35 29 32 32 43 35 34 29 34 43 41 23 62 29 50 24 44 57 51 31 29

a Values below the diagonal are numbers of pairwise P1/capsid region nucleotide differences; values above the diagonal are fractions of P1/capsid region nucleotide differences from
Sabin 2 that were shared among isolates. The codon for amino acid VP1143 was excluded. Well-defined cVDPV2 lineage groups are shown in boldface type.
b Values exclude the first 93 nt in the P1/capsid region of JIS06-01, which were derived from Sabin 3.

TABLE 3 Substitution rates for P1/capsid region sequences (2,637 nt) of cVDPV2 lineage groups

Substitution
parametera

Bayesian rate (nt substitutions/site/yr [10�2]) (95% HPD) for cVDPV2 lineage group

2005-6 2005-8 2005-10 2007-4

KT 1.21 (0.91–1.50) 1.12 (1.05–1.20) 1.16 (0.81–1.47) 1.09 (0.71–1.46)
K=S 1.14 (0.86–1.43) 0.88 (0.84–0.93) 1.20 (0.85–1.54) 1.05 (0.66–1.41)
K=A 0.08 (0.006–0.16) 0.12 (0.10–0.15) 0.10 (0.004–0.20) 0.09 (0.01–0.19)
A=S 1.04 (0.78–1.31) 0.80 (0.75–0.84) 1.08 (0.75–1.38) 0.98 (0.64–1.33)
B=S 0.06 (0.003–0.14) 0.08 (0.07–0.09) 0.06 (0.006–0.12) 0.11 (0.01–0.22)
a Substitution parameters (KT, total substitutions; K=S, synonymous substitutions; K=A, nonsynonymous substitutions; A=S, synonymous transitions; B=S, synonymous transversions)
were normalized to total sites by using the following relationships: K=S � KS � LS/LT, K=A � KA � LN/LT, A=S � AS � LS/LT, and B=S � BS � LS/LT (LS, number of synonymous sites;
LN, number of nonsynonymous sites; LT, total number of sites) (47). Estimates of the number of each category of site were calculated by implementation of the program MEGA5
(64) (LT sites � 2,637; LS sites 	 865; LN sites 	 1,708).
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(Table 3), closely matched that previously described for WPV1
lineages (47).

The codon for VP1-Thr24 was deleted in four isolates. Three of
the isolates (BAS07-04, JIS07-03, and BAS08-01, of lineage group
2005-8) clustered closely on the tree (see Fig. S2 in the supplemen-
tal material), and their sequence relationships were consistent
with localized circulation of the deletion variant for about a year.
The fourth deletion variant, KTS09-22 (also of lineage group
2005-8), arose independently of the others, and there was no evi-
dence of secondary spread (see Fig. S2 in the supplemental mate-
rial). The 30 (PV3) or 32 (PV1 and PV2) amino-terminal residues
of VP1 are disordered within the intact poliovirion (84); form a
flexible, externalized amphipathic domain during virus uncoating
(85); and can accommodate numerous amino acid substitutions
within (47) and across (86) poliovirus serotypes. Variants with
single-codon deletions in this domain occasionally emerge tran-
siently within populations of circulating polioviruses of all three
serotypes but constitute a very small proportion (�0.2%) of po-
liovirus isolates worldwide (our unpublished results).

All but seven isolates were vaccine/nonvaccine recombinants,
with P2 and P3 noncapsid sequences derived from unidentified
species C enteroviruses (87), a property typical of cVDPVs (19, 21,
32, 38, 40, 75) and associated with poliovirus circulation (88–90).
Apart from isolates of the largest lineage group, 2005-8, in which
the first 31 P1/capsid region codons were derived from Sabin 3, all

other VDPV2 P1/capsid region sequences were derived exclu-
sively from Sabin 2.

Phenotypic properties of VDPV2 isolates. cVDPVs had re-
covered two key properties of WPVs: the capacity to cause para-
lytic poliomyelitis in humans and the capacity for sustained per-
son-to-person transmission. Nearly all Nigerian VDPV2s were
isolated from patients with AFP; �75% of those patients exam-
ined 60 days after onset of paralysis had residual asymmetric pa-
ralysis typical of poliomyelitis (14, 15). Moreover, the genetic re-
lationships among the 403 cVDPV2 isolates document their
capacity for widespread circulation for more than 6 years. Exper-
imentally measurable virus properties that are possible surrogates
for neuropathogenicity for humans and transmissibility are (i)
virus yields in HEK293 cells, (ii) neurovirulence for transgenic
mice expressing the human CD155 PVR, and (iii) virus yields
during growth at supraoptimal temperatures.

(i) Virus yields in HEK293 cells. HEK293 cells are derived
from human neuronal cells (68), and neurovirulent polioviruses
grow to higher yields in these cells than do attenuated strains (69).
Sabin 2, MEF-1 (a neurovirulent WPV2 reference strain), and 25
Nigerian VDPV2 isolates (including the first isolates of each emer-
gence) were grown in single-step growth experiments in HEK293
cells, and virus yields were measured by plaque assays on HeLa
cells. Yields at 37.0°C were lowest for Sabin 2, ANS07-01, BOS06-
02, and KDS05-01 and 3- to 5-fold higher for MEF-1, KTS09-02,
BAS05-01, SOS05-01, BOS07-02, BOS09-06, and KBS11-01 (Ta-
ble 5). Yields at 39.5°C were reduced by 1.5- to 15-fold for most

FIG 5 Maximum likelihood estimates of relative frequencies of specific base
changes (10�2) (black arrows, transitions; gray arrows, transversions) at all
codon positions within the P1/capsid regions of the 361 2005-2011 cVDPV2
isolates from the major 2005-8 lineage group during divergence from the Sabin
2 root sequence.

TABLE 4 Estimated time to first divergence of cVDPV2 lineage groups

Lineage group
Estimated date of initiating tOPV
dose (day, mo, yr) (95% HPD)

Estimated date of first diverging
node (day, mo, yr) (95% HPD)

Estimated mean time to
first divergence (mo)a

2004-1 22 Sep 04 (03 Apr 04–20 Apr 05) 18 Mar 05 (12 Jan–17 May 05) 5.9
2005-5 13 Aug 05 (10 Apr–06 Dec 05) 24 Oct 05 (29 July 05–16 Jan 06) 2.6
2005-6 10 Sep 05 (21 Apr 05–08 Feb 06) 13 Jan 06 (09 Nov 05–13 Mar 06) 4.1
2005-8 26 Oct 05 (22 July 05–12 Jan 06) 27 Dec 05 (21 Nov 05–27 Jan 06) 2.0
2005-10 03 Dec 05 (11 May 05–16 July 06) 15 June 06 (18 Mar–16 Sep 06) 6.4
2007-4 05 Sep 07 (04 Apr 07–01 Feb 08) 07 Jan 08 (30 Oct 07–17 Mar 08) 4.0
2007-5 21 Oct 07 (14 Mar 07–07 June 08) 06 May 08 (01 Feb–09 Aug 08) 6.5
a Calculated from the estimated date of the initiating tOPV dose to the estimated date of the first diverging node. The P1/capsid KT evolution rate was assumed to be constant at
1.1%/year (29 nt substitutions/year).

FIG 6 Cumulative seasonality of specimens containing VDPV2 in Nigeria,
2004 to 2011. Note that AFP cases appeared �10 days earlier than specimen
collection and that VDPV2 exposure likely occurred 3 to 4 weeks earlier than
specimen collection.
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isolates, but those of Sabin 2 dropped �700-fold, and isolates
ANS07-01 and KDS09-08 did not grow at all (data not shown).
The latter results reflect primarily the temperature-sensitive phe-
notype (see below), which in Sabin 2 is largely determined by A481

(91).
(ii) Neurovirulence for PVR-Tg21 transgenic mice. The

above-described findings, together with clinical reports and the
sequence properties of the Nigerian VDPV2 isolates, suggested
that they would be neurovirulent when introduced into the cen-
tral nervous systems of experimental animals (58, 82). We selected
six isolates, representing four independent VDPV2 emergences
(lineage groups 2005-6, 2005-8, and 2005-10, and 2006-1) with
various degrees of genetic difference from the parental Sabin 2

strain, for neurovirulence testing by intracerebral inoculation of
PVR-Tg21 transgenic mice (39) (Table 5). All but one (JIS06-01)
of the six VDPV2s tested were isolated from AFP patients reported
to have had residual paralysis at 60 days (15). Isolates BOS06-03,
BOS07-02, and KTS09-02 were highly neurovirulent (PD50 � 2.0
to 2.4), similar to MEF-1 (PD50 � 2.5) and unlike Sabin 2 (PD50 �
7.5) (Table 5). Isolates JIS06-01 and SOS07-01 were slightly less
neurovirulent (PD50 � 3.3 to 3.8) and nonrecombinant isolate
BOS06-02 was much less neurovirulent (PD50 � 5.9) than the
other VDPV2 isolates but more neurovirulent than Sabin 2. Al-
though the number of isolates compared was small, increased
yields in HEK293 cells at 37.0°C correlated with neurovirulence in
PVR-Tg21 mice (Table 5). Within lineage groups 2005-6 and
2005-8, neurovirulence appeared to increase with increased diver-
gence from Sabin 2.

FIG 7 Estimated number of observed lineages that survived the 2004-2005 to
2010-2011 December-to-January seasonal bottlenecks. Color-coding of indi-
vidual emergences and lineage groups (boldface type) does not correspond to
that used in Fig. 1.

FIG 8 Bayesian skyline plot of population dynamics of all Nigerian VDPV2s, 2005 to 2011. Shaded areas represent the 95% highest posterior density (HPD)
interval around the mean of the effective virus population size (Ne) estimates. Arrows indicate months of tOPV SIAs in the northern states.

FIG 9 Frequency of nucleotide substitution into the VP1 region relative to the
P1/capsid region among the 2005-2011 Nigerian VDPV2 isolates.
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(iii) Virus yields at supraoptimal temperatures. The Sabin
OPV strains produce lower virus yields at supraoptimal tempera-
tures than do WPVs (92). Higher virus yields at elevated temper-
atures may facilitate person-to-person transmission by increasing
the amount of infectious virus excreted by febrile individuals. Sa-
bin 2, all 25 VDPV2 isolates tested, and MEF-1 grew to high titers
(8.23 to 9.42 log10 PFU/ml) in RD cells incubated at 37.0°C when
measured by plaque assays on L20B cells also incubated at 37.0°C
(Table 5) (73, 91). However, when cells were incubated at 39.5°C
for plaque assays, the efficiency of plating of Sabin 2 on L20B cells
dropped �6,000-fold, whereas that of MEF-1 was largely unal-
tered. Two VDPV2 isolates (ANS07-01 and KDS09-08) were
nearly as temperature sensitive as Sabin 2, and one isolate
(BOS06-02) had an intermediate temperature-sensitive pheno-
type (Table 5). These three isolates had retained some vaccine-like
traits despite reversion of the two determinants thought to con-
tribute most to the attenuated and temperature-sensitive pheno-
types. However, these isolates also had among the fewest P1/cap-
sid region nucleotide substitutions (7 to 15), were not vaccine/

nonvaccine recombinants, and had no known progeny. The
remaining 22 VDPV2 isolates were not temperature sensitive,
having efficiencies of plating at 39.5°C that were only 1.3- to 8.4-
fold lower than that of MEF-1. Loss of the temperature-sensitive
phenotype in these viruses appeared to have occurred early during
most VDPV2 emergences, did not always accompany reversion at
A481 or VP1143, and did not strictly correlate with the extent of
P1/capsid region divergence from Sabin 2 at substitution levels
above �1%. All isolates with heterologous 5=-UTR and 3Dpol se-
quences had lost the temperature-sensitive phenotype, as had one
nonrecombinant isolate (NIS11-01).

DISCUSSION

The large, prolonged, and widespread cVDPV2 outbreak in
northern Nigeria since 2005 underscores the risks associated with
the use of OPV at suboptimal rates of coverage (14, 15, 19, 21, 22,
32). Localization of the cVDPV2 outbreak almost entirely to the
northern states follows the pattern of WPV1 and WPV3 transmis-
sion in Nigeria since 2005 (7, 8, 93), and the concurrent decline in

TABLE 5 Genetic properties, growth yields, and temperature sensitivity in cultured cells and neurovirulence in PVR-Tg21 mice of selected Nigerian
VDPV2 isolates and reference viruses

Emergencea Virus 5=-UTR classb

VP1143

residue

No. of P1/
capsid
region nt
substitutions 3Dpol classc

Virus yield in
HEK293 cells
(log10 PFU/ml)
at 37.0°Cd

Neurovirulence
in PVR-Tg21
mice (PD50)e

Virus yield in
RD cells
(log10 PFU/ml)
at 37.0°Cf

Efficiency of
plating in
L20B cells at
39.5°C/37.0°C

Sabin 2 A (Sabin 2) I 3D:Sabin 2 8.43 �7.5 8.72 1.4 � 10�4

2004-1 BAS05-01 A (Sabin 2*) T 21 3D:4-1/1 9.13 ND 8.63 0.42
2005-1 SOS05-01 A (Sabin 2*) T 19 3D:5-1/1 9.04 ND 9.12 0.57
2005-2 LAS05-01 A (Sabin 2*) T 12 3D:Sabin 3 8.97 ND 8.52 0.35
2005-3 KDS05-01 A (Sabin 2*) N 16 3D:5-3/1 8.50 ND 8.23 0.42
2005-4 KBS06-01 A (Sabin 2*) T 16 3D:5-4/1 8.96 ND 8.55 0.49
2005-5 JIS06-06 B T 28 3D:5-5/1 8.88 ND 9.18 0.45
2005-6 BOS06-03 C T 19g 3D:5-6/1 8.93 2.4 9.42 0.47
2005-6 BOS07-02 C T 46g 3D:5-6/1 9.04 2.1 9.21 0.60
2005-7 BOS06-01 A (Sabin 2*) T 18 3D:Sabin 1 8.95 ND 9.24 0.29
2005-8 JIS06-01 D1 (Sabin 3*) T 16 3D:5-8/1 8.82 3.3 9.22 0.66
2005-8 KTS09-02 D1 (Sabin 3*) T 70 3D:5-8/1 9.24 2.0 9.31 0.69
2005-9 JIS06-04 A (Sabin 2*) T 18 3D:5-9/1 8.83 ND 9.27 0.35
2005-10 SOS07-01 E T 27 3D:5-10/1 8.89 3.8 9.28 0.35
2005-11 BAS06-01 A (Sabin 2*) T 25 3D:5-11/1 8.75 ND 8.74 0.13
2006-1 BOS06-02 A (Sabin 2*) T 7 3D:Sabin 2 8.48 5.9 8.70 1.8 � 10�2

2006-2 SOS08-09 A (Sabin 2*) T 50 3D:6-2/1 8.80 ND 8.95 0.11
2007-1 NIS07-01 F T 13 3D:7-1/1 8.79 ND 8.97 0.15
2007-2 BAS08-06 G T 40 3D:7-2/1 8.89 ND 9.32 0.33
2007-3 ANS07-01 A (Sabin 2*) V 8 3D:Sabin 2 8.37 ND 8.55 6.4 � 10�4

2007-4 KBS08-03 H T 30 3D:7-4/1 8.81 ND 8.90 0.32
2007-5 BOS09-06 A (Sabin 2*) T 44 3D:7-5/1 9.02 ND 9.18 0.45
2007-6 KTS09-05 A (Sabin 2*) T 37 3D:7-6/1 8.83 ND 9.29 0.57
2008-1 KDS09-08 A (Sabin 2*) T 15 3D:Sabin 1 8.80 ND 8.96 2.5 � 10�4

2010-1 KBS11-01 A (Sabin 2*) V 13 3D:Sabin 1 9.01 ND 9.23 0.27
2010-2 NIS11-01 A (Sabin 2*) T 18 3D:Sabin 2 8.74 ND 9.08 0.24

MEF-1 MEF-1 T 3D:MEF-1 9.16 2.5 9.20 0.92
a Well-defined cVDPV2 lineage groups are indicated in boldface type.
b 5=-UTR sequences not of Sabin 2 origin are labeled B to H. Asterisks indicate that all VDPV2 isolates with 5=-UTR sequences derived from Sabin 2 had a A481¡G reversion and
that all VDPV2 isolates with 5=-UTR sequences derived from Sabin 3 had a U472¡C reversion.
c 3Dpol sequences of nonvaccine origin (see Table S1 in the supplemental material for GenBank accession numbers of complete or nearly complete genomic sequences) are
numbered consecutively for each emergence (e.g., 3D:5-6/1 to 3D:5-6/3).
d Virus was grown in HEK293 cell monolayers (37.0°C), and yields were determined by plaque assays on HeLa cells (37.0°C).
e Neurovirulence was tested by intracerebral inoculation. ND, not done.
f Virus was grown in RD cell monolayers, and yields were determined by plaque assays on L20B cells.
g Compared against a simulated unmutated Sabin 3/Sabin 2 recombinant with the recombination junction at the same location as the in natural isolates.
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the incidence of polio cases associated with all three serotypes is
likely the result of improved OPV coverage in northern commu-
nities where polio is endemic. The Nigerian cVDPV outbreak is
surpassed only by the �1983-1993 cVDPV2 outbreak in Egypt in
duration and is by far the largest in total number of reported
VDPV cases in a single outbreak (45). Its final magnitude and
duration remain to be determined, as circulation, while appar-
ently sharply reduced, continued into 2012 (7, 19, 22). Although
the cVDPV2 outbreak in Egypt was probably of a comparable scale
(49), its full extent is unknown because of the absence at that time
of sensitive nationwide AFP surveillance (37); in contrast, surveil-
lance in Nigeria was generally strong throughout the outbreak. In
both countries, the cVDPVs had reestablished endemic PV2 trans-
mission through successive low-transmission seasons.

Several key risk factors contributed to cVDPV2 emergence and
spread in northern Nigeria: (i) the suspension of SIAs in the
northern states in 2003 to 2004 (93), (ii) continued weakness in
routine immunization with tOPV (7), (iii) insufficient tOPV cov-
erage in previous SIAs (7), and (iv) the shift from tOPV to
mOPV1, mOPV3, and bivalent OPV in SIAs conducted after
March 2006 (14, 15). The particular emphasis on mOPV1 in SIAs
addressed the serious threat posed by the continued circulation of
WPV1, the most paralytogenic (45) and transmissible (10–12) of
the three WPV serotypes. However, the background of weak rou-
tine tOPV immunization permitted a widening gap in immunity
to PV2 to develop. These conditions favored concurrent indepen-
dent cVDPV2 emergences at numerous locations across northern
Nigeria, as the threshold of population immunity necessary to
limit PV2 spread fell below critical levels (14, 15). In contrast,
population immunity to PV2 in southern Nigeria remained suffi-
ciently high to block most (if not all) local cVDPV2 emergences
and limit transmission of any cVDPV2 introduced from the north
to levels below detection by the AFP surveillance system. The like-
lihood that the immunity threshold required to block poliovirus
transmission is higher in the more densely populated and humid
tropical south than in the less populous and semiarid north (15,
45) offers encouraging prospects for the ultimate success of inten-
sified SIAs in the northern states, provided that high rates of OPV
coverage are attained (9) and a proper balance between vaccina-
tion with bivalent OPV (17, 18) and tOPV (14, 15) is maintained.

The occurrence of a large cVDPV2 outbreak in a setting of
comparatively sensitive surveillance (7) offered an unprecedented
view of early outbreak events, including detection of multiple in-
dependent emergences, first suggested by studies in Madagascar
(40, 41). Similar dynamics may typify other cVDPV outbreaks,
especially those associated with PV2 (19, 22). However, previous
cVDPV outbreaks have usually occurred in settings of both low
OPV coverage and weak surveillance, and the outbreaks were de-
tected months or years after the first emergences (37, 38). For
example, AFP surveillance was not yet implemented at the start of
the cVDPV2 outbreak in Egypt, and the earliest available cVDPV2
outbreak isolates were from cases that occurred about 5 years after
the first initiating tOPV dose (because the early outbreak isolates
had been discarded). The Egypt cVDPV2 tree also had deep nodes
(37), possibly signaling separate emergences, and the atypically
low apparent rate of VP1 evolution observed during the Egypt
cVDPV2 outbreak (37, 47) may be explained by the occurrence of
separate emergences over time.

The cVDPV2 population showed exponential growth during
the initial emergence and spread in 2006, stabilization, and then a

second phase of exponential growth in early 2009. Four tOPV SIAs
in late 2006 and in 2007, despite gaps in coverage (14, 15), may
have limited further expansion of the 2005-8 lineage group. How-
ever, the absence of tOPV SIAs between 1 September 2007 and 30
May 2009 permitted the accumulation of a population of young
children with no immunity to PV2, setting the stage for multiple
chains of transmission transiting the 2008-2009 low-transmission
season and the burst of cases in early 2009. Implementation of two
tOPV SIAs in May and August 2009 was followed by a sharp de-
cline in the number of polio cases, a decrease in the effective pop-
ulation size, and fewer observed lineages transiting the 2009-2010
low-transmission season. Despite the high immunogenicity of Sa-
bin 2 in tOPV (3) and the implementation of seven SIAs using
tOPV in 2010 to 2011, circulation of cVDPV2 continued (7, 19,
22) along several separate chains of transmission, indicating that
critical numbers of unimmunized children continue to be missed
in the tOPV SIAs in the remaining reservoirs of endemicity in
northern Nigeria (9).

The observation that one lineage group predominated does not
necessarily imply any fundamental difference in the potential
transmissibilities among lineage groups. Random events, such as
early VDPV introduction into dense populations of nonimmune
people or transmission to highly mobile populations, may have
shaped the observed patterns of spread. Indeed, viruses of the
minor cVDPV2 lineage groups had sustained transmission for an
estimated 15 to 35 months, had also diverged into separate chains
of transmission within a few months of the initiating tOPV doses,
and had recovered robust growth phenotypes when measured ex-
perimentally. Moreover, emergences represented by single iso-
lates were estimated to have sustained replication for 3 to 21
months, considerably longer than the 1- to 2-month duration of
vaccine virus infections in immunocompetent OPV recipients
(30). Although isolates from these emergences would be classified
as aVDPV2s, circulation is suspected from the frequency of their
appearance in states with low levels of population immunity to
PV2 (15) and known gaps in surveillance (7). Indeed, the current
outbreak was foreshadowed in 2002 by the isolation of an
aVDPV2 from an underimmunized child with AFP in the Plateau
state (46). Like most aVDPVs described here, the Plateau isolate
resembled cVDPVs, with 2.5% P1/capsid region divergence from
Sabin 2 and a mosaic genome with 5=-UTR and 3Dpol region se-
quences derived from nonvaccine sources (46).

The genetic mechanisms for reversion of an attenuated OPV
strain to a cVDPV phenotypically indistinguishable from WPV
are incompletely understood and may differ in their specifics
among the three Sabin strains. The Sabin 2 strain, derived from a
WPV isolate with intrinsically low neurovirulence and subjected
to the shortest selection pathway to attenuation (94), retained
more of the biological properties of its WPV parent than did the
other Sabin strains, especially the capacity for secondary spread
(4–6, 25–27, 95). Because key determinants of the attenuated and
temperature-sensitive phenotypes of Sabin 2 are strongly selected
against during replication in the human intestine (58, 82), rever-
sion to the WPV phenotype may occur well before the accumula-
tion of 6 to 10 substitutions in the VP1 region. Thus, the defini-
tions for VDPVs are not grounded in the underlying genetics of
phenotypic reversion but on the poliovirus molecular clock and
the need to balance sensitivity with specificity in global poliovirus
surveillance. Accordingly, review of the epidemiologic settings
(for cVDPVs) and clinical features (for iVDPVs) is crucial for the
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evaluation of surveillance data. Some early emergences, including
three with noncapsid sequences derived from OPV strains, ap-
peared not to have recovered the full biological properties of
WPVs when characterized in the laboratory, suggesting that
changes in noncapsid sequences may be necessary for full pheno-
typic reversion (75). Nonetheless, all but one (JIS06-01) of the
eight VDPV2s tested in PVR-Tg21 mice were isolated from AFP
patients reported to have had residual paralysis at 60 days poston-
set.

The high genetic lability of Sabin 2, coupled with the lower
paralytic attack rate for PV2 infections (45), highlights the need to
maintain sensitive AFP and poliovirus surveillance worldwide
(16). Implementation of the recently developed real-time RT-
PCR screening method by the GPLN (16, 19) has resulted in the
recent detection of cVDPV2 emergences in the Democratic Re-
public of Congo, Ethiopia, Somalia, India, Afghanistan, Yemen,
Chad, and Pakistan (19, 21, 22, 45). The observation that several of
these recent cVDPV2 outbreaks were also associated with multiple
independent emergences has prompted a sharp upward reassess-
ment of the risks of cVDPV2 emergence and spread in settings of
low population immunity to PV2 (19, 22, 32, 37, 40, 96, 97) and
consideration by the WHO of a globally synchronized switch from
tOPV to bivalent OPV following control of cVDPV2 outbreaks
(19, 98).
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